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IFTECT  OF  ENTRAINED  V/ATER  ON  THE  MASS  MOIEKT 
OF  INERTIA  OF  SHIP  PROPELLEItS 


Smnmww 

Several  series  of  model  propellers  varyine  in  pitch 
and  in  blade  width  were  set  in  torsional  vibration  on  ver¬ 
tical  shafts.  The  resonant  frequency  was  measured  with  the 
propeller  in  air  and  in  water.  A  value  was  assigned  to  the 
increase  in  moment  of  inertia  in  water  on  the  assumption 
that  the  change  in  resonant  frequency  was  due  v/holly  to  this 
cause.  The  effect  was  found  to  Increase  with  pitch  and  with 
blade  width  and  also  to  be  dependent  on  both  amplitude  and 
frequency  in  water.  From  the  data  obtained  no  simple  math¬ 
ematical  expression  could  be  found  which  would  be  univer¬ 
sally  applicable.  With  the  apparatus  in  its  present  state 
it  is  not  possible  to  study  the  effects  of  amplitude  and 
frequency  separately* 

General 

A  shlp*s  propeller  and  its  shaft,  combined  with  tur¬ 
bine,  reduction  gear,  or  engine,  form  a  system  capable  of 
torsional  vibration  of  various  natural  frequencies  depending 
on  the  relative  masses  of  the  members  attached  tq  the  shaft. 


The  effect  of  the  propeller  on  the  natural  frequency  depends 
only  on  its  riass  moment  of  Inertia  providing  that  the  damp- 
Ing  forces  acting  on  it  are  negligible.  When  immersed  the 
moment  of  inertia  of  the  propeller  may  be  considered  to  in¬ 
crease,  due  to  the  entrained  water,  which  also  damps  the 
vibration.  As  far  as  'i.he  problem  of  determining  the  natural 
frequency  of  vibration  is  concsrned  we  may  include  the 
damping  effect  with  the  inertia  effect.  However,  the  two 
are  quite  distinct,  for  damping  causes  dissipation  of  energy 
and  decrease  of  amplitude  as  well  as  lowering  of  natural 
frequency  whereas  an  Increase  in  mass  alone'  may  cause  a 
greater  amplitude. 

Apparatus  and  Method  of  Teats 

The  first  attempt  at  a  solution  of  the  problem  was 
to  suspend  the  propeller  from  a  steel  wire  as  a  torsion 
pendulim  and  find  the  free  periods  in  air  and  in  water. 

This  was  not  possible,  however,  because  the  motion  became 
aperiodic  in  water  due  to  the  excessive  damping. 

Next  the  apparatus  shown  on  drawing  No.  A-9^ 
illustrated  in  Figs.  2  and  ^  was  made. 

This  consists  of  a  vertical  shaft  mounted  in  a  ball 
bearing  and  having  the  ]|ropeller  keyed  to  the  lower  end. 

On  the  upper  end  is  attached  a  disk  Which  is  set  oscillating 
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by  a  rod  attaohed  to  an  eooentrio  on  the  shaft  of  a  motor* 
The  amplitude  at  the  top  end  is  fixed  but  the  frequency 
oan  be  varied  by  changing  the  resistance  In  series  with  the 
armature  of  the  motor*  The  portion  of  the  shaft  between 
the  bearing  and  the  propellers  is  turned  down  so  as  to 
bring  the  natural  frequency  of  the  propeller  on  the  shaft 
within  suitable  lii.:its.  A  steel  tube  l/lb"  thick  surrounds 
the  shaft  and  follows  the  motion  of  the  propeller*  A  small 
mirror  fastened  to  this  tubing  throws  a  beam  of  light  on  to 
a  scale,  thereby  furnishing  a  measure  of  the  amplitude  of 
the  propeller*  An  extension  is  added  to  the  shaft  so  that 
when  the  propeller  is  lowered  into  water  the  drive  rod  may 
be  attaohed  to  the  upper  driving  arm  without  changing  the 
level  of  the  motor*  The  diameter  of  the  shaft  extension 
Is  so  much  greater  than  the  turned  down  portion  of  the 
shaft  that  the  effeotlve  length  of  shaft  In  torsion  is  not 
appreciably  altered* 

The  amplitude  of  the  propeller  varies  with  the  fre¬ 
quency  and  resonance  Is  found  by  varying  the  speed  of  the 
motor  until  maximum  travel  of  the  beam  of  light  Is  indica¬ 
ted  on  the  scale*  Vihile  this  corresponds  to  a  shaft  with 
infinite  mass  at  one  end  as  explained  subsequently  (see 
page /0  ),  and  hence  does  not  represent  exactly  a  ship's 
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propeller  shaft,  it  does  not  have  the  disadvantage  of  a 
shifting  node  and  famishes  a  simple  formula  for  computing 
the  mass  moment  of  Inertia  of  the  propeller. 


The  expression  for  the  torque  required  to  twist  one 
end  of  a  oyllndrloal  shaft  thru  an  angle  6,  the  other  end 
being  held  fixed,  is: 

Tr  iLii 
1 


where  T  s 

J  = 


torque  in  lb. 

shear  modulus  of  elastlolty  in  Ib/in^ 

c 

(approximately  11.9  *  10®  for  steel) 
polar  moment  of  inertia  of  shaft  in  inches^ 


(J 


for  a  circle) 


•  :  angle  of  torsion  in  radians 
1  ■  length  of  shaft  in  inches 

If  a  propelley  is  keyed  to  a  shaft  held  rigidly  at 
the  opposite  end  and  turned  thru  em  angle  d,  it  will  be 
subjeot  to  a  restoring  torque  T  s  ^s  J  ^  and,  since  this 
torque  is  proport iMial  to  the  angular  d^q^laoement,  if  the 


propeller  is  released,  it  will  perform  simple  harmonlo 
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osolUatlotia*  The  period  of  a  8i]iq;>le  harmonlo  motion  va¬ 
ries  as  the  square  root  of  the  ratio  of  the  mass  to  the 
restoring  force  per  unit  displacement  from  the  rneem  posi¬ 
tion;  or,  in  the  case  of  angular  motion,  to  the  square 
root  of  the  ratio  of  the  moment  of  inertia  to  the  restor¬ 
ing  torque  per  radian.  Therefore,  if  a  mass  of  moment  of 
inertia  I  is  subject  to  a  restoring  torque  k  per  radian 
of  twist  it  will  perform  emgular  simple  harmonlo  motion 
of  period: 


In  this  case  k  a  torque 

angular  displacement 


Henoe  if  the  moment  of  inertia  of  the  shaft  is  negligible 
in  comparison  with  that  of  the  propeller,  the  free  period 
of  the  propeller  when  the  shaft  is  held  rigidly  at  the 
end  is: 

T  a  2  y-iAlS- 

y  *s  ^ 


For  greater  accuracy  we  must  add  I/3  the  moment  of 
inertia  of  the  shaft  to  that  of  the  propeller.  In  terms 
of  tiie  dimensions  of  the  shaft  this  formula  becomes  (using 
inch  pound  units): 
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where 

T 

z 

period  1-n  seconds 

I 

moment  of  Inertia  of  propeller  In  lb  x  In' 

1 

- 

length  of  shaft  In  Inches 

d 

diameter  of  shaft  In  Inches 

Efl 

= 

shear  modulus  In  Ib/ln^ 

This  same  formula  applies  when  the  shaft  Is  re- 
duoe4  to  the  dimensions  of  a  wire,  resulting  In  a  torsion 
pendul\m*  Slnoe  for  a  given  wire  all  these  terms  are  con¬ 
stant,  the  period  will  vary  as  the  square  root  of  the  mo¬ 
ment  of  Inertia  of  the  suspended  mss.  Hence,  If  the 
period  of  a  body  of  known  moment  of  Inertia  Is  found,  the 
moment  of  Inertia  of  another  body  oan  be  found  at  once  by 
measuring  Its  free  period  of  oscillation  on  the  same  wire. 
If,  Instead  of  being  held  rigidly  at  one  end,  the 
shaft  Is  mounted  In  bearings  with  a  mass  at  each  end,  and 
these  are  turned  In  opposite  directions  and  released,  each 
mass  will  perform  simple  harmonic  oscillations,  but  there 
will  be  a  node  In  the  shaft  whose  position  depends  on  the 
ratio  of  the  moments  of  Inertia  of  the  two  masses.  The 
position  of  the  node  Is  given  by  the  equation: 


where  I2,  represents  the  distance  of  the  node  from  the  end 
to  which  the  mass  having  manuint  of  inertia  is  fixed. 
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Ihe  two  masses  have  the  same  free  period  which  Is  given 
by  the  expression: 

T  -  2 r t/ — ^  x  .,.. 

y  EB^d4  (I^  v  I^)  12  X  32.2 

Thus,  if  instead  of  a  rigid  fastening,  we  had  a 
mass  of  the  same  moment  of  inertia  as  the  propeller  on 
the  other  end,  the  effective  length  of  the  shaft  would 
be  reduced  by  one  half  and  the  natural  period  reduced 
In  the  ratio  • 

If  a  propeller  is  keyed  to  one  end  of  a  shaft  and 
the  other  end  Is  set  in  simple  harmonic  oscillation  with 
a  fixed  amplitude,  the  amplitude  of  the  propeller  will 
vary  with  the  frequency.  At  very  low  frequencies  the  am¬ 
plitudes  at  both  ends  of  the  shaft  will  be  the  seme  and 
there  will  be  no  torsion,  but  as  the  frequency  Increases 
the  Inertia  of  the  propeller  causes  Its  motion  to  lag  and 
the  amplitude  increases  up  to  a  certain  point  after  which 
It  begins  to  decrease,  kt  infinite  frequency  the  propeller 
will  come  to  rest  even  though  the  amplitude  at  the  crank 
end  of  the  shaft  remains  constant. 

It  can  be  shown  that  the  roaxiiium  amplitude  occurs 
at  the  same  frequency  as  that  at  which  the  propeller  would 
oscillate  freely  if  the  mass  of  the  crank  end  were  infinite. 


I 


I 


Let  6^  s  the  Instantaneous  angular  displaoezaent 
of  the  orank  end  of  the  shaft,  and  6  the  instantaneous 
angular  dlsplaoenent  of  the  propeller. 

nie  propeller  Is  subject  to  a  torque  k(^  ~ 
where  k  is  the  torque  required  to  twist  the  ir  opeller 
thru  one  radian  when  the  orank  end  Is  held  fixed.  If  I 
Is  the  moment  of  inertia  of  the  propeller,  we  have  the 
equation  of  motion: 

I  d^  I  >  kCdj  -  •) 

Slnoe  we  are  impressing  on  the  orank  end  a  simple 
harmonlo  motion  of  constant  amplitude  and  varying  fre- 
quenoy,  we  oan  express  6  In  the  form: 

6,  8  A.  Sin  wt 

where  w  s  2  tT  z  frequency 
Therefore: 

The  ooiqplete  solutltm  of  this  differential  equation  Is: 

•  8  f  Sin 

z 

f  and  B  being  arbitrary  constants. 


dt* 


Sin  wt 
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When  •  the  asqplltuda  become e  infinite, 

and  hence  this  is  the  condition  for  resonance;  but  we 
have  already  shown  that  the  free  period  for  infinite  mass 
at  the  crank  end  is: 

T  r  %1l{\ 

or  the  frequency: 

^  -  h-  ^ 

Since  w  z  2.Tt 

Hence  at  resonance,  in  the  case  of  the  forced  oscillation: 

♦  =  I 

or  f  B  ^  I  /  Is 

2r  V  I 

and  the  frequencies  are  the  same  in  both  cases* 

So  far  we  hare  neglected  the  effect  of  daiiqplng. 

Damping  Infects  both  axtq;>lltude  and  period*  The  case  of 

simple  harmonic  motion  with  a  dasming  force  proportional 
cftA  at  s0/v€d 

to  the  Telocity.  In  the  case  of  a  propeller  Tibratlng 
A 

in  water  the  law  of  daisg;>ing  is  not  known*  For  slnq^licity 
the  change  in  period  has  been  ascribed  wholly  to  inoreeie 
in  mass  moment  of  inertia* 
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Condttot  of  Taata 

Ifeaaurenants  mre  mad*  on  six  aerlea  of  threa-bladad 
braaa  propeller  a,  eill  of  1&*  diameter  and  rarying  In  pitch 
ratio  (p/d)  from  *60  to  2.00.  Xaoh  series  aonslsted  of 
flTO  propellers  of  the  same  pitch  but  of  different  blade 
widths  -  the  naan  width  ratios  varying  from  .13  to  *33  ^7 
steps  of  *03 • 

The  mass  xnoment  of  Inertia  of  each  propeller  Im  air 
was  measured  by  keying  It  to  a  short  pleoe  of  shafting  sus¬ 
pended  from  a  steel  wire  about  12  feet  In  length  and  meas¬ 
uring  the  period  of  oscillation*  ▲  steel  cylinder  whose 
m<»aent  of  Inertia  was  computed  was  used  as  a  standard  of 
reference*  Next  the  propellers  were  keyed  to  the  shaft  of 
the  vibration  apparatus  which  In  the  first  test  was  turned 
down  to  a  diameter  of  *300"  over  a  length  of  30"* 

The  resonant  frequency  was  measured  In  air  and  In 
water,  and  the  Increase  In  moment  of  Inertia  In  water  ooar 
puted  by  the  fornula: 

^moment  of  Inertia  x  resonant  frequency  s  shaft  constant* 

A  correction  was  made  for  the  additional  mass  moment  of  in¬ 
ertia  of  the  tubing  and  cttier  fittings  attached  to  the 
propeller* 


To  aeo  aliother  the  efteot  Turied  with  frequenoy  tmA 
amplitude  three  ehafta  were  made  20  Inohea  in  length  and 
of  dlametera  «043*f  *030*,  and  *037*,  reqpeotlvely.  Thla 
permitted  teatlng  the  same  propeller  at  different  resonant 
frequenoiea*  Two  of  the  series  of  propellers  were  tested 
on  these  three  shafts  and  the  results  obtained  were  com¬ 
pared  with  those  on  the  30**  shaft. 
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Reaults 


nie  data  obtained  In  the  test  with  the  50  Inoh  shaft 
(•500"  In  diameter)  are  given  below: 


E.M.B.  :Pltoh:Mean  :Resonant  :  Re  sonant:  Moment  ‘.Moment  of:  ^ 
Propel- :Ratlo:V/ldth:l‘requen“  :frequen-;of  Iner-  : Inertia  :  In- 
ler  No.:  :Ratlo:oy  In  alr:oy  In  :tla  In  air:  In  water: orease 

:  :  :  :water  : (lb  x  In^jrib  x  in^) : 


220  .60 

221  .60 

222  .60 

223  .60 

224  .60 


P4 

939  914 


b2.6 

69.9 

M 

115.0 


225 

.80  .15 

1320 

22b 

.80  .20 

1136 

227 

.80  .25 

1119 

22d 

.80  .30 

1125 

229 

.80  .35 

1074 

230 

1.00 

•15 

1380 

231 

1.00 

.20 

1230 

232 

1.00 

•25 

m6 

233 

1.00 

.30 

1083 

254 

1.00 

.35 

1038 

1250  52,6 

1071  65.0 

m 

825  95,8 


66.6  26.7 
86.2  32.0 
110.4  38.8 
132.0  50.0 

152.7  59.3 


235  1.20 

236  1.20 

237  1.20 

238  1.20 

239  1.20 


.25  1200 
.30  1113 
•35  1020 


240  1.50  .15  1320 

241  1.50  .20  1200 

1.50  .25  1200 

a3  1.50  .30  1149 

m  1.50  .35  1044 


52.6 

70.1 


§2.00 
2.00 
2.00 
2.00 
2.00 


89.0  60.7 

120.4  87.7 

m  mis 
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Ibese  results  are  shoim  graphloally  on  Plate  !•  For 
a  glTen  pitch  ratio  the  moment  of  Inertia  in  mater  seema  to 
increase  directly  with  the  blade  width  ratio,  the  slope  of 
the  curve  depending  on  the  pitch  ratio.  The  relation  between 
slope  of  curve  and  pitch  ratio  appears  also  to  be  a  linear 
one  as  shown  on  Plate  II. 

Host  of  the  Irreguleurltles  in  these  curves  were  found 
to  be  due  to  non*ninifoimity  in  the  hubs.  Where  a  propeller 
had  a  large  amount  of  lead  added  for  balancing  the  percentage 
increase  was  usually  found  to  be  lower  than  the  value  given 
by  the  straight  line. 

From  the  results  it  appeared  that  one  slsqple  formula 
would  suffice  to  aocount  for  all  oases,  namely:  increase 

in  moment  of  inertia  m  oonstcmt  x  blade  width  ratio  x  (con¬ 
stant  pitch  ratio). 

Further  experiments,  however,  showed  that  the  prob¬ 
lem  was  much  more  oomplicated.  The  effect  increases  with 
frequency  and  amplitude.  This  is  to  be  expected  on  the  the¬ 
ory  that  the  dashing  is  the  predominating  factor,  for  the 
TnwTiTHiiM  velocity  in  sixq^le  harmonic  motion  varies  both 
as  the  amplitude  and  the  frequency  and  fluid  resistanoe 
usually  increases  about  as  the  square  of  the  velocity. 
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The  apparatus  in  its  present  form  does  not  pexmlt 
studying  the  effects  of  amplitude  and  frequency  separately, 
for  the  amplitude  of  the  propeller  at  resonance  cannot  be 
accurately  controlled. 

The  data  for  two  of  the  series  of  propellers  on 
three  different  shafts  giving  different  resonant  frequen¬ 
cies  and  different  amplitudes  are  shown  below. 

Plates  3  and  4  illustrate  these  data  graphically. 

The  curves  of  Plato  3  illustrate  how  the  effect  of  ampli¬ 
tude  obscures  the  effect  of  frequency.  The  middle  curve 
was  obtained  from  the  shaft  giving  the  lowest  resonant 
frequencies  but,  since  the  amplitude  was  greater  due  to 
the  greater  flexibility  of  the  shaft,  a  greater  effect 
was  observed  than  with  the  next  leurger  shaft. 
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E.M.B.  :Pltoh:Meeui  tResonant  :  Re  sonant  xMcunent  of  xUoment  of  In- 
Propel-xRatloxWldthxfrequenoyxfrequen-t Inertia  x Inertia  .  xorease 
ler  No.x  P  tRatioxin  air  xoy  in  tin  air  xin  miter  xin  xaom« 
D  X  X  xwater  x (lb  x  in‘)x(lb  z  in^)xof  iner* 
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Conoluslon 

In  spite  of  the  Inadequacy  of  the  experiinents  so 
far  the  following  conclusions  may  definitely  be  drawn: 

(a)  For  a  fixed  amplitude  and  frequency  the  effect 
varies  directly  with  the  blade  width  ratio,  and  with  the 
pitch  ratio. 

(b)  For  a  given  propeller  the  effect  Increases  with 
frequency  and  amplitude. 

(c)  In  order  to  assign  a  value  to  the  per  cent  increase 
in  moment  of  inertia  in  any  given  case  the  amplitude  and 
frequency  of  the  propeller  must  be  approximately  known. 

Suggestions  for  Future  Course  of  iilTpertments 

Wor|^  has  been  started  in  adapting  a  vibration  gen¬ 
erator  to  the  apparatus  now  in  use.  'This  machine  will  be 
mounted  on  the  upper  end  of  the  shaft  and  will  be  capable 
of  setting  up  torsional  oscillations  up  to  a  speed  of 
3600  r.p.m.  This  will  give  the  condition  of  a  shaft  with¬ 
out  rigid  connections  subject  to  periodic  forces  as  in 
the  case  of  a  ship's  propeller  shaft  but  will  not  permit 
controlling  the  amplitude  even  as  closely  as  in  the  appa¬ 
ratus  now  in  use. 

In  order  to  extend  the  curves  to  cover  blade  widths 
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now  In  UM  brass  propsUsrs  of  l6  inob  dlanstsry  baTlng 
mean  width  ratios  of  .40,  .43,  *30,  and  .33,  shoald  bo 
aTailable. 

It  has  been  proposed  to  oheolr  some  of  the  data 
obtained  with  models  against  full  scale  propellers*  This 
may  be  aoooo^lished,  for  example,  on  the  USS  HAMILTOH 
when  the  thrustmsters  are  to  be  Installed  by  mounting  the 
vibration  generator  on  an  arm  attached  to  the  shaft*  It 
may  also  be  possible  to  attach  the  vibration  generatoar 
to  the  shaft  at  the  reduction  gear*  Such  a  test  in  dry 
dock  and  in  water  would  furnish  a  basis  for  comparison 
with  model  experiments*  A  brass  model  of  the  HAMILT0N*s 
propeller  would  be  needed  for  this  comparison* 


